Various schemes are examined in this study on the suppression of beam break-up (BBU) in a standing wave free electron laser two-beam accelerator (SWFEL/TBA). Two schemes are found to be not only able to effectively suppress the BBU but at the same time have minimum effect on the microwave generation process inside the SWFEL cavities. One is making the cavity-iris junction sufficiently gradual and the other is stagger-tuning the cavities.
INTRODUCTION
The standing-wave free-electron laser two-beam accelerator (SWFELITBA) has been proposed as a candidate for the next generation linear collider1'2 and many studies on its feasibility have been carried out.3 '4'5'6 In this device a high-energy, lowcurrent electron or positron beam is expected to be accelerated to a very high energy, -TeV by microwave power generated from a sequence of many SWFEL cavities driven by a second beam of high current, low energy. Previous studies have revealed many merits of this version of a high gradient linear collider3'4, but they also indicated a potential difficulty in designing its long drive-beam device,5'6 which is the so called beam break-up (BBU) problem7. It is known that BBU is likely to occur in a high-current, low-energy beam, the type of beam that is to be used as drive beam in a SWFEL/TBA. Generally speaking, BBU results from unstable transverse beam dynamics due to transverse wake fields which are generated by relativistic charged particles in the devices through which they are transported. In the case of SWFEL/TBA the BBU is the cumulative beam break-up (BBU) for a long pulse and the transverse wake fields are due to the large changes in transverse dimmension at the junctions between the cavities and the irises which are necessary for cutting off the field modes and creating the standing waves inside the cavities. In this device if an injected multi-bunch electron beam is initially off axis, even by a small amount, it can excite transverse dipole wake field in the cavities, which gives kicks to all bunches to the rear. Once a bunch is kicked farther away from the axis, it has a larger electric dipole moment and therefore excites larger wake field which generates harder kicks to the bunches in the rear. This effect cumulates as the beam goes through the cavities. When the growth of the transverse displacement of the beam is large enough, at one point, the beam will scrape the wall of the beam pipes and beam break-up occurs. Thus, in order to transport the electron beam in a SWFEL/TBA the BBU must be suppressed.
A previous work by Kim, et al5 gave a first quantative study of this issue. It was examined in that work several schemes that may be employed to minimize the deleterious effect of the transverse dipole wake field on the electron beam in a SWFEIJFBA. Although most of these schemes have demonstrated themself to be quite effective in suppressing the BBU they either require a considerable amount of damping inside the cavities to limit the range of the wake field or finite energy spread in the beam to provide a Landau damping mechanism. Both of these may potentially have undesirable effect(s) on the efficiency of the microwave generation and/or the phase of the operating mode inside the cavities.
In this study we explore the feasibility of the schemes that not only can reduce the effect of the transverse (dipole) wake field to an acceptable level, but at the same time have minimum effect on the microwave generation process inside the cavities of a SWFELITBA. In section 2, we have the basic model equation for studying the BBU in SWFELITBA and also a set of parameters for a base case. In section 3, we examine the effectiveness of Landau damping (or phase mixing damping) due to energy spread in the beam in suppressing BBU when the damping takes place only along the tubes between the cavities and find that it is not very effective. In section 4, we demonstrate that by making the junctions between the cavities and irises sufficient gradual the wake fields can be reduced to such a degree that it is possible for the natual FEL focusing alone to keep the BBU from happening even when the electron beam traverses a rather long distance (1OOm). In section 5, we examine the effectiveness of cavity staggered tuning schemes in suppressing the BBU, and show that slight differences in the geometries of the cavities can break the conherency, and therefore the effectiveness, of the kicks of the wake fields to the beam and hence significantly reduce the BBU. In this study we adopt the model used in Reference 5 to describe the BBU related beam dynamics in a SWFELTFBA. As illustrated in Figure 1 the SWFEL cavities are cyclinders in shape with the planar wiggler magnetic fields being placed in the y-z plane and the particles wiggling in the x-z plane. These wiggle oscillations excite the TEi ip FEL mode. A first order approximation separate the beam dynamics in the wiggle 'plane and that perpendicular to it and we study BBU in the y direction as that is the most severe case.
Reacceleration
High Gradient Structure In this model each bunch in the beam is treated as a macroparticle and they are eqaully spaced on the beam line. The transverse displacement, j, of thej-th with energy j can be described by a standard BBU equation given bellow where z is the axial coordinate in cm, Sb iS the distance between bunches in cm, Wis the transverse wake function in cm3, I is the averaged current in kit, and J = mc3/e = 17.05kit is the Alfven current.
(1)
Base case
To facilitate, in the later part of this study, the comparison of effectiveness of various schemes in suppressing the beambreak-up we use as our base case the same set of parameters as in Ref. 5 , which is given in Table 1 .
LANDAU DAMPING ALONG THE TUBES
The first scheme that is examined is related to Landau damping (or phase mixing) mechanism. We modify the Landau damping scheme in Reference 5 by allowing the electron beam to carry energy spread Ay(or equivalently, betatron frequency spread Ak) only when it is inside the tubes. This is a more reasonable model than the previous one in which the beam has energy spread all the way along the device. The rational that supports the new model is as follows: Since, as we know, finite energy spread in a EEL beam is likely to result in significant reduction in the efficiency of microwave generation of the device, so, it is prefered that electron beam is cold when it is inside FEL cavities. Thus, it can be conceived that the scenario in a real SWFEL/TBA operation is likely to be that when an initially cold electron comes out of the first SWFEL cavity it has certain energy spread due to its interaction with the operating mode inside the cavity. The beam then traverses inside a tube carrying this energy spread and just before it enters the next cavity it goes through a beam conditioner to get "cooled down" (in addition to be reaccelerated and get back its original average energy) so that the same high FEL efficiency can again be achieved in the second cavity. This process repeats itself throughout the whole SWFEL/TBA. Here we present the results of BBU in a typical case in which the the length of the cavity, Lc48 cm, and the length of the tube, LF42 cn . factor of four reduction on BBU over the corresponding value in Fig. 2(a) , i.e., the cold beam case. However, this number may have to be discounted since we probably need to increase the overall length of the device by a factor of (L+L)iLc (i.e, from ic; m to 188 m) to generate the same amount of power as that of the base case in which the lengths of the tubes are assumed to be negligibly short compared to that of the cavities. This will also result in larger, maybe considerably larger BBU at the end of the device. After taking these two factors into account it now looks like that this scheme is not very appealing.
Therefore, we need to search for other alternatives. A different approach to suppress the BBU is to diminish the overall wake fields inside the cavities. As it has been pointed out (in Reference 5) these wake fields are generated due to the change in the transverse dimension from the cavities to the tubes. Therefore by smoothing this transition we can reduce the wake fields. This has been shown in the Ref. 5 , in which a 30°s lope cone junction is used at each longitudinal side of a cavity and the dipole transverse wake fields are therefore substantially reduced from the one when the slope for cone junction is 90° (i.e., square edges). To have a bigger reduction on the wake fields a simple idea is to carry this scheme a little bit further by using even more gradual cone junctions than the 3ØO' one, for example, 15's which means just extending the longitudinal dimension of the cone junction from 2 cm to 4 cm while other parameters are the same as that of the base case. The corresponding transverse wake function for the dipole modes is obtained using ABC!8 and is given in Figure 3(a) . For the convenience of comparison, the range of the wake fields is also kept to be 3 m long as the case in Ref. 5 . and the wake fuction for the base case is reproduced and given in Figure 3 (b). In both these two figures we can see that the wake field has a "hump" located at about twice the length of the cavity. This large amplitude wake oscillations which is likely the first wake generated by the signal charge reflected back to the entrance of the cavity5 is the predominant contributor to the kicks the beam receives from the field. Compared with Fig. 3(b) it is seen that the "hump" in Fig. 3(a) shrinks by a facor of 23, which results in an even bigger reduction on the maximum transverse displacement (IImax) of the beam due to the wake field, a factor of 15.2O at z=100 m, as is shown in Figure 4 (a). Since, general speaking, the more SWFEL cavities an electron beam drives the more efficient the rf source tends to be, therefore, we now calculate IJ v.s. z for one section of SWFEJJThA that has twice as many cavities as the previous one to see how the effect of the wake fields is for this longer device. The result is presented in Figure 4 (b) It is found that at z=200 m IEJis still a relative small number, -2.5. Thus if a beam has an initial shift less than 1.6 mm its maximum displacement (at z=200 m) due to the wake fields should be less than 4 mm, i.e. the radius of the irises (also the tubes).
In the above calculations all the wake fields are assumed to have a range of 3 meters which nonnally can be achieved with certain amount of dampings on the cavities (i.e., reducing the Q factor). However, these dampings may potentially have undesirable effect(s) on the operating mode and there is also cost consideration, therefore, we want to minimize the use of them ifpossible. Since the scheme of the 150 conejunction can reduce the wake field quite effectively so we can now "afford" to relax the damping on the wake fields somewhat and tolerate a longer range of wake fields. For example we extend the range of wake fields to 6 meters for the case of Fig. 3(a) . The correponding wake function is given in Figure 5 (a). It is noted in Fig.  5 (a) that about twice the length of the cavity behind the first "hump" there exist a second one and about the same distance behind this second "hump" the head of a third "hump" starts to emerge (at the end of this 6 meters long wake field). The second and the third "hump" corresponds, respectively, the second and the third time the first wake generated by the signal charge reflected back to the entrance of the cavity. The additional large amplitude wake fields should increase the average amount of "kicks" a bunch in the beam receives, and therefore, result in larger transverse displacements of the beam. This is confirmed by the simulation result presented in Fig. 5(b) . But still, the displacements are much smaller than the corresponding one's for the base case and at 100 m is well below the tolerable number 10. Another thing is that we have been using fairly long cavities, -90 cm, to reduce the number of cavity-iris junctions which are responsible for the presence of the transverse wake fields. However, such a long cavity is normally more difficult to manufacture and more fragile than a shorter one. Hence, we cut the lengths of the previous cavities by half to 45 cm and calculate the BBU of the beam for the 15 cone junctions case. The result is presented in Figure 6 . It is seen that IIp at100 m is -2.5 which is about the same as 'Im at 200 m for the 90 cm cavity case. Once again this number is considerably smaller than the one for the base case. 
S. STAGGERED TUNING
Another scheme that can suppress the BBU effectively is cavity stagger-tuning7. In this scheme we can vary either (a) the slopes of the cone junctions; or (b) the longitudinal dimensions of the cavities.
(a) In the first case, the simplest situation, is that the cavities are grouped into two types which are the same except that the slopes of the conejunctions are slightly different from each other. Also the cavities are arranged in such a way that each cavity is followed by a cavity of the other type. To compare with the base case, the slopes of the cone junctions are chosen to be around 300, for examople, one is 27 (denoted as type I) and the other one is 33° (denoted as type II). The rest parameters are the same as that of the base case. The corresponding result for the effect of the transverse wake field on the beam is given in Figure 7 (a) which shows that Itm at z=100 mis brought down to 2.4 from 23 of the base case, i.e, a factor of 9 4. improvement. A slightly better result is obtained when the slopes of the cones are, respectively, 24° and 36°. It is presented in Figure 7 (b). The result in Fig. 7(a) is better than that of the case when all the cavities are of type I, as seen in Figure 7 (c), in which IJ =3.6 at z=100 m,; while if all the cavities are type II a larger is found to be around 30 at z=100 m, as shown in Figure 7(d) . Thus, it can be conceived that the staggered tuning breaks the coherency of the "kicks" from the wake fields generated by cavities of exactly the same configuration and, therefore, significantly reduces the effectiveness of those 'kicks'. Doubling the number of the types of the cavities from 2 to 4 does not seem to make any significantly improvement on either case, as are shown in Figures 8(a) and (b) . Since the staggered tuning scheme significantly reduce the growth rate of the transverse displacement of the electron beam due to the wake fields, the beam may now traverse more cavities without having BBU problem. For example as is shown in Figure 8 (c) for the case of four different classes of cavities between 24° and 36°, 'Imax at z=200 m is about 6. This is still an acceptable number since it is nonnally assumed that the initial offset of the beam due to various reasons is the order of 0.1 mm. Then it is easily calculated that at z=200 m, the maximum transverse shift of the beam is about 0.6 mm which is small compared to the radius of the tubes which is 4 mm. b) Another version of stagger tuning is that the cavities involved are almost the same except that some of their longitudinal dimensions may be slightly different from each other. The simplest case is that there are only two different types of such cavities and each cavity is followed by a cavity of the other type. For the convenience of comparison we set the longitudinal lengths of these two types of cavities as, respectively, 89 cm and 91 cm and other parameters are the same as the base case. The corresponding effect of the wake field on the beam is evaluated and given in Figure 9 .Itis seen that at z=100 m, is only about 1.5 which is much smaller (a factor of 15) than that of the base case. Therefore, this is a quite effective scheme. is 27° and the other one is 33g.
There are some other schemes that may also reduce the BBU. One of them is to use unsymmetric cones for the junctions on a cavity instead of symmetric ones. For example take one as 240 and the other one as 330• The corresponding BBU result is given in Figure 10 . It is seen that the reduction on BBU is only about a factor of two better than that of the basecase, which indicates that the scheme is not so effective as staggered tuning.
SUMMARY
In this study, we explore and examine several schemes to search for those that can both effectively suppress the beam break-up and at the same time have minimum effect on the microwave generation processes inside the if cavities for a SWFEL!FBA. The results show that using cavities with gradual slope cone junctions and cavity staggered tuning are the two most promising schemes and the best result may be obtained by combining these two schemes together. Although the numbers in the simulation results may vary when new factors are taken into account they do provide at least a qualitative measure of the effectiveness of the different schemes. In a future study, we will examine these schemes for a more realistic model by including the wiggler motions of the electrons. We are also going to examine BBU in rectangular cavities which seem to possess more merits than their cylindrical counterparts. 
